Abstract-Based on the Composite Right/Left-Handed (CRLH) Transmission Line (TL) approach this paper presents a 3-band TJunction power divider. The proposed design strategy uses a stubloaded TL for the right-handed portion of the line; this way, with respect to a conventional CRLH line, one more degree of freedom is available. Experimental and numerical results referring to a prototype using surface-mount capacitors and inductors are reported and discussed. It is demonstrated that the artificial transmission line (ATL) here presented is an optimum candidate for designing highadded value microwave devices. Furthermore based on the use of metalinsulator-metal capacitors and short circuited stubs, a monolithic implementation is also proposed.
INTRODUCTION
Composite Right/Left-Handed (CRLH) Artificial Transmission Lines (ATLs) [1] [2] [3] [4] [5] are the TL implementation of a Double Negative medium [6] [7] [8] [9] [10] [11] , usually implemented by loading a conventional TL with a high-pass network.
Due to their unusual dispersion properties, CRLH ATLs have attracted widespread interest in recent years [1] [2] [3] [4] [5] [12] [13] [14] [15] [16] [17] [18] [19] , and several applications, such as dual-band components [2, 14, 15] , have already been proposed.
In the present work the use of a Purely Right-Handed (PRH) ATL for the RH portion of the CRLH line is suggested; it is demonstrated that the proposed design approach adds one more degree of freedom that can be exploited to improve the performance of common microwave devices.
As a proof of concept of the advantages related to the proposed design strategy, a three-band T-Junction power divider (TJ-PWD) is presented. Experimental results referring to a prototype using surface-mount technology for the lumped inductors/capacitors and working at (0.9 GHz, 1.62 GHz, 2.7 GHz) are presented and discussed. Furthermore, a compact and monolithic implementation of the CRLH ATL based on the use of Metal Insulator Metal (MIM) capacitors combined with short-circuited/open-ended stubs is also proposed.
The paper is structured as follows: Section 2 introduces the ATL concept. Later on, Section 3 presents the proposed three-band TJ-PWD. Finally, some conclusions are drawn in Section 4.
ARTIFICIAL TRANSMISSION LINE
Artificial Transmission Lines (ATLs) are periodic networks designed by loading a conventional TL with lumped or distributed elements. Providing that the phase shift corresponding to the unit cell satisfies the condition: Figure 1 . Examples of unit cell that can be used for designing an artificial transmission line: (a) PRH unit cell, (b) CRLH unit cell, (c) phase response of a PRH ATL and a CRLH ATL with the same electrical length at ω 0 , (d) proposed CRLH unit cell.
the line exhibits an effectively homogeneous behavior described by the following effective parameters (see Figure 1 (a)):
From (2) one can derive that Z and Y can be fixed to have a Purely Right (PRH) or a Composite Right/Left-Handed (CRLH) behaviour.
More specifically, loading elements in a low-pass topology correspond to a PRH behaviour, whilst a high-pass topology must be used to achieve a CRLH behaviour. Figure 1 (a) illustrates an example of unit cell that can be used for designing a PRH ATL, it consists of a conventional TL loaded with an open-ended stub. The corresponding effective parameters are given by [15] [16] [17] [18] :
where Z s and θ s are the characteristic impedance and the electrical length of the loading stub. L 0 , C 0 , and d are the distributed parameters and the physical length of the loaded TL, while L s , C s , and d s are the same quantities referred to the loading stub. The approximately equal sign in (3) refers to the case of a loading stub with a physical length satisfying the condition d s λ. As for a CRLH line, a possible unit cell is illustrated in Figure 1(b) ; providing that the balanced condition (
is satisfied, the following effective parameters can be derived:
From (4) it is evident that three degrees of freedom are available, consequently the parameters which appear in (4) can be fixed to achieve a dual-band behaviour [2, 14, 15] . In fact, it is well known that a conventional TL has only two degrees of freedom: the line characteristic impedance, Z 0 , and the line electrical length, βd. As a consequence, by using conventional TLs, if a device is designed to work at f 0 (f 1 ) the first useful upper band is automatically centred at 3f 0 (f 2 ). Conversely, by using CRLH TLs, a dual-band behaviour can be obtained by arbitrarily shifting the second working band to a desired frequency.
The design approach here proposed consists in designing the RH portion of the CRLH line as a PRH-ATL (see Figure 1 (d)); this way, a further degree of freedom is available which can be exploited to have a three-band behaviour. Referring to Figure 1 (d), this can be achieved by fixing the ATL parameters so to satisfy the following equations:
where M and N are the number of unit cells of the RH-and the LH-ATL, respectively (referring to Figure 1(d) , M is equal to 4 and N is equal to 2). As an example of application of the proposed approach, Equation (6) can be used to add a useful working band between the first and the second band corresponding to a conventional TL. Referring to a device requiring a TL with a phase shift of:
being k an integer number, by using a conventional TL, the first two useful bands are centered at f 1 and f 2 given by:
By using the proposed CRLH-ATL a band can be added between f 1 and f 2 by fixing the line phase shift as follows:
In fact, by using (7) in (6) and by fixing f CRLH,1 = f 1 , f CRLH,3 = f 2 = 3f 1 , it can be found that the proposed CRLH line has a further useful band centered at f CRLH,2 ≈ 1.67f 1 . Alternatively, a band can be added at f CRLH,2 ≈ 1.8f 1 if the line phase shift is fixed as follows:
Based on the proposed CRLH-ATL, in the next section a threeband TJ-PWD is presented.
THREE-BAND T-JUNCTION POWER DIVIDER
As a proof of concept of the proposed approach, in this section we present a three-band TJ-PWD. The schematic of a conventional TJ is illustrated in Figure 2 . It is a three-port network usually employed to split the power applied at port 1 or to combine that applied at port 2 and 3. The approach here suggested consists in substituting the (−90 • )-RH line with a CRLH one. A similar solution has been already adopted in [12] , where a CRLH designed to have a phase shift of +90 • has been used to achieve a size reduction. In this paper, the use of a CRLH-ATL based on the design approach described in the previous section is suggested, thus resulting in a three-band behaviour. More specifically, we replaced the (−90 • )-RH line of a conventional TJ-PWD with the CRLH-ATL illustrated in Figure 1(d) which consists of 4 RH-ATL unit cells and 2 LH-ATL unit cells. The selected operating frequencies were: 0.9 GHz, 1.62 GHz, 2.7 GHz. According to the desired three-band behavior, the parameters of the line were Figure 2 . Schematic representation of a conventional T-Junction power divider. fixed by using Equation (6) so to satisfy the following conditions:
where S 11,35 Ω is the line return loss referred to a 35 Ω-TL. Values calculated this way for the parameters of the CRLH-TL were optimized by means of a microwave circuital simulator resulting in the layout and the values of the lumped elements illustrated in Figure 3 ; the corresponding S 11,35 Ω calculated by means of circuital simulations is given in Figure 4 . It is evident that, with respect to a 35 Ω impedance, the CRLH ATL of Figure 3 exhibits a good level of matching over the entire frequency range of interest (i.e., [0.9, 2.7] GHz).
As for the scattering parameters of the TJ-PWD, results calculated by means of circuital simulations are summarized in Figure 5 ; the presence of an additional operating band that falls between the first and the second band corresponding to a conventional TJ-PWD can be noticed.
Furthermore, from comparisons given in Figure 5 , it can be noticed that the proposed TJ-PWD exhibits performance similar to the one corresponding to a conventional TJ-PWD (see Figure 2) . In fact, in all the three operating bands the reflection coefficient is lower than −20 dB and the transmission coefficient between the two output ports (|S 32 |) is of about −6 dB. As for the occupied area, due to the presence of the loading stubs, it is slightly larger than that occupied by the TJ-PWD of Figure 2 , and become approximately the same by bending the stubs.
In order to demonstrate the reliability of these results, a prototype was realized by using surface-mount technology for the LH portion of the ATL (see Figure 6 ). More specifically, Accu-P 0402 Capacitors and Accu-L 0603 Inductors by AVX Corporation were used. The values given in Figure 3 for the lumped capacitors and inductors were approximated with the ones available in our kit (see Figure 6(a) ). As for the RH-ATL unit cell, it was firstly optimized to work with the CRLH line illustrated in Figure 6 (a) and then implemented in microstrip technology on a FR4 double-sided copper clad laminate (ε r = 3.9, tan(δ) = 0.019, thickness = 1.6 mm). A photograph of the three-band TJ-PWD prototype is given in Figure 6(b) ; the corresponding measured scattering parameters and insertion loss are given in Figures 7 and 8 , respectively. With respect to simulation results given in Figure 5 , a shift of the three operating bands towards higher frequency can be observed. This shift is highlighted in Figures 7(c) and 7(d) where the measured scattering parameters are compared with simulated data; from measurements the three operating bands are centered at: 1.11 GHz, 2.0 GHz, 3.1 GHz. This shift is due to the parasitic effects related to the soldering process of the SMD devices and to the difference between the values of the capacitors calculated by means of circuital simulation and the ones used for the realization. However, from Figures 7-8 an excellent behaviour can be observed in the three operating bands with an insertion loss in the range [0.5, 1.5] dB.
Finally, the TJ-PWD was implemented as a monolithic device by using MIM capacitors and short-circuited stubs for the inductors. The design was performed on a silicon substrate (ε r = 11.9, h = 525 µm); the insulator used in designing the MIM capacitors is a 90 nm thick Low Temperature Oxide (LTO) with a relative electric permittivity equal to 4. The layout achieved in this way is illustrated in Figure 9 ; the occupied area is approximately the same of a conventional TJ- PWD. More specifically, the area of the proposed device is of about (3.5 × 17.2) mm 2 , whereas the one corresponding to a conventional λ/2 TJ-PWD on the same substrate is of about (2 × 30.8) mm 2 .
In order to verify the TJ-PWD behaviour, full-wave simulations were performed with the ADS-Momentum (Agilent) simulator. The corresponding scattering parameters are illustrated in Figure 9 : good performance can be observed at the three operating frequencies, thus confirming results obtained with the SMD-based prototype. It is worth underlining that, with respect to the implementation based on SMD devices, the use of MIM capacitors and stubs inductors combines the well-known benefits of the monolithic technology on high resistivity silicon substrate to the advantages of avoiding undesired parasitic effects related to the soldering process and to the approximated values of capacitors and inductors.
CONCLUSION
A novel design approach for CRLH transmission lines has been presented. The proposed design strategy uses an artificial transmission line implementation for both the RH and the LH portions of the line. It has been demonstrated that, with respect to a conventional CRLH line, this strategy adds one more degree of freedom that can be exploited to improve the performance of common microwave devices.
In order to validate the proposed approach, a very compact three-band T-Junction power divider has been presented. Numerical and experimental results, related to a prototype employing surface mounted devices and working at 0.9 GHz, 1.62 GHz, and 2.7 GHz, have been reported and discussed, thus demonstrating the reliability of the proposed approach. Furthermore, based on the use of MIM capacitors and short-circuited/open-ended stubs, a monolithic implementation of the same structure has also been presented. Both implementations of the T-Junction power divider (the monolithic and the one realized using surface-mount technology), are characterized by a very compact size and exhibit a good performance in terms of scattering parameters.
As a result, the advantages highlighted in this paper lead to the conclusion that the proposed artificial transmission line is an optimum candidate for designing high added-value microwave devices.
